Ceils from a line of transformed quail fibroblasts (QT-6) were transfected with cDNAs coding for subunits of the mouse muscle nicotinic ACh receptor (AChR). Stable clones were selected that expressed subunits of the fetal-type AChR (a, 8, y, 6) or the adult-type AChR ((u, 8, C, 6) . The receptors had the appropriate burst durations and single-channel conductances for the fetal or adult type, respectively.
Each type of receptor had a dose-response relationship that was close to a square law at low concentrations of ACh, implying that they contained two ACh-binding subunits.
The metabolic stability of surface fetal and adult receptors was identical (about 10 hr half-life), for two independent clones expressing fetal and two expressing adult AChR. The metabolic stability was unaffected by treatment with okadaic acid, which enhanced receptor phosphorylation. d-Tubocurarine (dTC) blocked both the binding of a-bungarotoxin (BTX) to the cells and the ACh-elicited current. dTC blocked BTX binding with indistinguishable efficacy for both fetal and adult AChR. However, it was sixfold less effective at blocking ACh-elicited current from fetal AChR. At least part of the difference results from the ability of fetal receptor channels to open when the receptor has one ACh and one dTC molecule bound, whereas channels of heteroliganded adult receptors do not open. The data indicate that the subunit composition directly affects physiological and pharmacological properties of muscle AChR, but has little effect by itself on metabolic stability.
[Key words: ACh receptor, synapse, muscle development, metabolism, curare, phosphorylation]
Nicotinic ACh receptors (AChR) are highly concentrated in the postsynaptic region of the neuromuscular junction. During development the shape and resistance to disruption of the aggregate of AChR proceed through a series of changes (see Steinbach and Bloch, 1986) . Over the same period, although at different times, the metabolic stability of the AChR at the junction increases and the pharmacological and physiological properties of the junctional AChR change (Schuetze and Role, 1987) . Molecular cloning and expression of subunits for mammalian AChR have shown that a major determinant of the physiological changes during development is the subunit composition of the AChRs (Mishina et al., 1986) . Adult junctional AChR contain a, & 6, and 6 subunits. The receptors at fetal junctions, and the extrajunctional AChR synthesized by denervated adult muscle fibers contain cu, fi, 6, and y subunits. Analysis of the physiological properties of AChR expressed in Xenopus oocytes after injection of purified mRNA for specific subunits has shown that a receptor composed of o(, & 6, and y subunits has the lower conductance and longer burst duration of fetal-type AChR, whereas one composed of (Y, & 6 , and c subunits has the higher conductance and briefer duration characteristic of the adult junctional type (Mishina et al., 1986) . The junctional AChR at the early stages of development have the physiological properties of fetal-type AChR (Schuetze and Role, 1987) . However, it is not clear whether other properties of the junctional AChR that change during development also are influenced by the subunit composition.
To examine this question, we have generated stably transfected nonmuscle cells that express fetal-and adult-type AChR (Phillips et al., 1991) . The AChR at the adult neuromuscular junction are metabolically much more stable than those at fetal junctions or in the extrajunctional regions of denervated adult fibers (a half-life of about 400 hr compared to one of about 20 hr; Reiness and Weinberg, 1981; Bevan and Steinbach, 1983) . During development, the metabolic stability of the junctional receptors increases over a period when the individual AChR retain the kinetic properties of fetal-type AChR (Reiness and Weinberg, 198 l) , which suggests that subunit composition does not directly affect metabolic stability. However, Gu et al. (1990) found that when adult-or fetal-type AChR were transiently expressed in COS cells, the adult type were degraded at only half the rate of fetal, indicating a direct influence of subunit composition on stability. The metabolic stability of junctional receptors can be decreased; after denervation of an adult muscle, the AChR that had been located at the junction become more rapidly degraded (Loring and Salpeter, 1980; Bevan and Steinbach, 1983) . This change can be reversed in organ-cultured muscle by treating the muscle with drugs that should increase the level of protein phosphorylation by protein kinase A (Shyng et al., 199 1) . Since the AChR are of the adult type, the possibility exists that phosphorylation differentially affects the metabolic stability of fetal and adult receptors.
It has also been reported that the neuromuscular blocking agent d-tubocurarine (dTC) is less effective at reducing AChelicited responses in denervated fibers (which express fetal-type receptors) than innervated fibers (Jenkinson, 1960; Beranek and Vyskocil, 1967) . The basis for this difference is not known but it could reflect the affinity of dTC for the two types of AChR.
There are conflicting reports of the ability of dTC to occupy ACh-binding sites and thereby reduce the binding of the snake neurotoxin a-bungarotoxin (BTX). In one study of dTC binding to AChR extracted from innervated and denervated fibers, dTC apparently bound more tightly to adult AChR (Brockes and Hall, 1975) but other studies found no difference (Colquhoun and Rang, 1976; Kemp et al., 1980) . A study of fetal and adult AChR transiently expressed in COS cells found that dTC bound equally well to both types (Gu et al., 1990) . The binding data suggest that the earlier physiological studies that showed a difference in block by dTC might be the result of some of the many possible technical problems associated with studies of functional block.
Materials and Methods
Materials. Chemicals were obtained from Sigma Chemical (St. Louis, MO) unless otherwise specified. Phosphate-buffered saline (PBS) contained (in mM) 140 NaCl, 2.7 KCl, 9.6 PO,, pH 7.4. Earle's Balanced Salt Solution (EBSS) contained 116 NaCl, 5.4 KCl, 1.8 CaCl,, 0.8 MgSO,, 26 NaHCO,, 1 NaH,PO,, 5.5 glucose, pH 7.4. Complete growth medium was 199 Earle's medium with 10% (v/v) tryptose phosphate broth (TPB; GIBCO, Grand Island, NY), 5% fetal bovine serum (FBS; Hyclone, Logan, UT), 1 O/o dimethyl sulfoxide (MeSO,), 100 U/ml penicillin, 100 pg/rnl streptomycin.
Trunsfections and cell culture. The transformed quail fibroblast cell line QT-6 was maintained, transfected, and stable clones isolated as described earlier (Phillips et al., 1991) . Cells were grown in complete growth medium and maintained at 37°C in a humidified 5% CO,, 95% air atmosphere. Briefly, QT-6 cells were cotransfected with a mixture of four plasmids containing the mouse muscle cDNAs for subunits of fetal-(a, 0, y, 6) or adult-(o(, p, t, 6) type muscle acetylcholine receptor (AChR) and a plasmid containing the gene for neomycin resistance, neo. Each gene was under the control of the Rous sarcoma virus long terminal repeat promoter in separate expression constructs previously described (Phillips et al., 199 1) . Approximately 24 hr following transfection using calcium phosphate precipitation/glycerol shock (Graham and Van Der Eb, 1983 ) the cells were removed from the dish by light trypsinization, resuspended in complete growth medium containing 300 rg/ml geneticin (GIBCO), and replated at one-half the original density. Colonies resistant to geneticin were isolated and screened on the basis of surface 1251-a-bungarotoxin (1251-BTX) binding (Sine and Taylor, 1979) . Isolated clones were maintained in complete growth medium containing 150 pg/ ml geneticin. Two clones were derived from colonies of cells transfected with o(, p, y, and 6 subunits (Q-F1 8 and Q-F1 7) and two from colonies of cells transfected with o(, 0, 6, and 6 (Q-A33 and Q-AS). Q-F18 and Q-A33 clones were used for most studies, as they expressed slightly higher levels of AChR.
Metabolic labeling and immunoprecipitation. Five millimolar sodium butvrate was added to confluent 10 cm dishes of O-A33 and Q-F1 8 cells 2 d prior to metabolic labeling to enhance A&R expression and was included in the "pulse" and "chase" media. Metabolic labeling and immunoprecipitation of solubilized AChR were generally performed as described previously (Covarrubias et al., 1989) . Quail fibroblasts were labeled with 130 PC> of YS-methionine in 199 Earle's medium without methionine suuolemented with 10% (v/v) TPB. 5% dialvzed FBS. 1% MeSO,, and 16 ;M unlabeled methionine. BC3H:l cultures were labeled with 100 &i of YS-methionine, in Dulbecco's Modified Eagle's Medium without methionine, supplemented with 5% dialyzed FBS and 10 PM unlabeled methionine. Following the 1 hr pulse, the radioactive medium was replaced with the appropriate complete growth medium supplemented with 1 mM methionine and 10 nM BTX for a 3 hr chase. The cell monolayers were washed three times with wash buffer 1 [WBl: PBS plus 300 NM phenylmethylsulfonyl fluoride (PMSF) and 5 mM EDTA]. Cells were scraped from the dish and pelleted in the third wash, the supematants were aspirated, and the cell pellets frozen at -80°C. All subsequent steps were conducted at 4°C or on ice. The pellets were thawed into WB 1, repelleted, and washed again. Cells were solubilized with a 15 min incubation while rocking at 4°C in extraction buffer (100 &ml each leupeptin, antipain, and soybean trypsin inhibitor, 10 pLg/ ml each of pepstatin and aprotinin, 0.2 U/ml a-2-macroglobulin, 200 PM PMSF, 5 mM each EDTA and EGTA, 1 O/a TX-100 in 150 mM NaCl, 50 mM Tris, pH 8.2). The extracts were centrifuged for 10 min in an Eppendorfmicrofuge and the supematants collected. Supematants were "precleared" by incubation with anti-mouse and anti-rat antibody preabsorbed to fixed Staphylococcus aureus (Immunoprecipitin;
Bethesda Research Labs, Gaithersberg, MD) with rocking for 30 min. Immunoprecipitin was removed by centrifugation in a microfuge. Surface AChR was immunoprecipitated with anti-BTX antiserum generally as described (Smith et al.. 1986 : Covarrubias et al., 1989 . The cell extract was adiusted to 5dO mM NaCl, and Protein-A agarbse (Boehringer) was used to precipitate. Pellets were washed three times with PBS ulus 300 mM PMSF. 5 mM EDTA. 0.5% TX-100 and with 500 mM NaCl, and then twice with 0.1% TX-100 in PBS. For reimmunoprecipitations, AChR was dissociated and eluted from the pellets by heating to 90°C for 5 min in 1% SDS in PBS. The supematant was adjusted to a final composition of 0.25% SDS, 1.9% TX-100 in PBS, and then subunit-specific antibodies were used to precipitate individual subunits. The monoclonal antibodies used were mAb 6 1 (a; Tzartos et al., 198 l), mAb 148 (p; Tzartos et al., 198 I) , and mAb 88B (6; Froehner et al., 1983) . Following the final immunoprecipitation, proteins were eluted at 37°C in 2 x SDS buffer (SDS buffer: 2% SDS, 10% glycerol, 62.5 mM Tris, pH 6.8). Gel electrophoresis and fluorography were performed as previously described (Covarrubias et al., 1989) Cells were labeled with j2P in Dulbecco's Modified Eagle's Medium without P,, supplemented with 0.1 mM P,, 0.25 mCi/ml ?*P, 1% dimethyl sulfoxide, and 5 nM BTX for 20 hr (Smith et al., 1987) . At that time okadaic acid (10 nM final concentration) or forskolin (8 PM with 35 PM RO 20-1724) was added and the cells incubated 1 hr longer. Cells were then washed three times with ice-cold PBS and scraped in buffer (WB2: 20 mM NaPP,, 100 mM NaF, 300 PM PMSF, 5 mM EDTA in PBS). Cells were pelleted, the supematant was aspirated, and then the pellet was frozen at -80°C. For extraction, cells were thawed on ice in WB2 and washed once, then extracted in modified extraction buffer (all inhibitors as above, but with 3 &ml RNase A added and Tris and NaCl replaced by 20 mM Nap,, 20 mM NaPP,, and 100 mM NaF, pH 7.5). Immunoprecipitations were performed as described above, but pellets were washed with 20 mM NaPP,, 100 mM NaF, 500 mM NaCl, 5 mM EDTA, 0.5% TX-100 in PBS. The final wash before elution with SDS buffer was performed with 20 mM NaPP,, 60 mM NaF, 0.1% TX-100 in PBS.
Ligand binding assays. The quantity of surface BTX-binding sites was determined essentially as described (Covarrubias et al., 1989) . Monolayers were labeled with 10 nM lZ51-BTX for 2 hr at room temperature or 1 hr at 37°C washed, removed from the dish by scraping or solubilization with 0.1 M NaOH and counted on a counter. Nonspecific binding was estimated by addition of 1 PM unlabeled BTX to the labeling medium and subtracted from total binding to give specific binding. BTX-binding sites were converted to numbers of AChR assuming that two BTX molecules bound per AChR.
Inhibition of the initial rate of BTX-binding by d-tubocurarine (dTC) or carbamylcholine (CCh) was determined as described by Sine and Taylor (1979) . Confluent 35 mm dishes of Q-A33 or Q-F18 cells were treated with 2 mM sodium butyrate for 2 d. Monolayers were preincubated for 10 min at room temperature with the appropriate concentration of dTC or CCh in EBSS plus 0.2% FBS and 120 mM glucose. This solution was aspirated and replaced with an identical solution containing 10 nM lZ51-BTX. After incubation at room temperature for 15 min the cells were washed three times, removed from the dish with 0.1 M NaOH, and counted in a y-counter.
Degradation ofsurfaceAChR. The metabolic half-life ofsurface AChR was determined as in Patrick et al. (1977) . Confluent cultures (not treated with sodium butyrate) were labeled for 1 hr at 37°C with 10 nM '*51-BTX in complete growth medium. After labeling, cells were washed three times with prewarmed growth medium, and then incubated for the indicated times. Nonspecifically bound 1251-BTX was determined by preincubating sister cultures with 1 WM unlabeled BTX, as described earlier. At each time point, the culture medium was collected and the monolayer was washed once with growth medium. The medium and rinse were pooled to estimate the released radioactivity at that time, and cells were removed from the dish with 0.1 M NaOH to estimate the retained radioactivity. Forskolin or okadaic acid (Kamiya Biomedical, Thousand Oaks, CA) was included in the labeling, incubation, and * Adult and Fetal AChR wash media when used. RO 20-1724 (a gift from Dr. J. Lawrence, Washington University School of Medicine) was included only in the labeling and incubation media due to a limited supply of this reagent.
Autorudiogruphy. Cultures were labeled for autoradiography using the protocols de&Abed above to determine total and nonspecific binding. Cultures were fixed with 4% naraformaldehvde (w/v in PBS) for 20 min. and processed as described in Steinbach (i 98 i). Grains were counted at 400 x over a square 12 x 12 pm centered over randomly selected cells, and converted to AChR densities assuming two BTX-binding sites per AChR and an emulsion efficiency of 0.5 grains per y emission (Steinbach, 198 1) . Background grain densities were counted over regions of the dish that did not have cells or over autoradiographs of cultures that had been pretreated with unlabeled BTX, and were 20% or less of the mean grain density over cells.
Physiological recordings. Recordings were made using cell-attached, whole-cell, or excised patch configurations of the patch-clamp method (Hamill et al., 198 1) . Recordings were made at room temperature. Data were recorded on digital tape, then played back, filtered, and then digitized and analyzed using a 386-based computer. Burst durations were determined from cell-attached recordings using 300 nM ACh, from cells depolarized with a high K+ bath solution so that the membrane potential was set by the pipette potential. The reversal potential determined in these conditions was close to 0 mV (Q-A33: -1.0 t 3.2 mV, 11 cells; Q-F18: -0.1 f 2.7 mV, 9 cells), indicating that the resting potential was close to 0. Data were filtered at 2000 Hz, detecting transitions using a half-maximal threshold crossing method and defining bursts with a 2 msec maximal closed time within bursts. Whole-cell currents were recorded at -50 mV in Na+ external saline (see below) with 0.5 mM Ca*+ added, unless otherwise specified. Agonist-elicited whole-cell currents were measured as the difference between the means of 3-5-set-long data segments taken preceding the application and at the peak ofthe response.
All recording solutions contained 20 mM HEPES and were adjusted to pH 7.3 using the appropriate monovalent cation hydroxide salt. Solutions contained 20-25 mM glucose, to bring the measured osmolarity to 320-330 mOsm. Sodium external solution contained (in mM) 140 NaCl, 2 KCl, and no added divalents; cesium external solution contained 140 CsCl; potassium external solution contained 140 KCl. The internal solution contained 140 CsCl, 1 MgCl,, and 2 EGTA. Drugs were dissolved in the appropriate external solution and applied using a local perfusion system (Konnerth et al., 1987) , which allowed changes to be made in about 0.5 sec. All ACh solutions applied to cells or to outside-out patches contained 300-600 nM atropine sulfate. Atropine was omitted from pipettes when burst durations were to be measured. Drugs were maintained as frozen stocks and appropriate dilutions were made up on the day of the experiment.
As will be described in Results, the number of surface receptors differed among individual cells. For many ofthe physiological experiments cells with a high and relatively consistent surface density were chosen by labeling cells with tetramethyl-rhodamine-conjugated Fab fragments of the monoclonal antibody mAB-35. The mAB-35 hybridoma was obtained from the American Type Culture Collection (Gaithersberg, MD), and purification, digestion, and labeling of the immunoglobulin were performed using standard methods (Harlow and Lane, 1988) . mAB-35 binds to an external epitope on the 01 subunit of muscle AChR and has been reported to have no effect on the functional properties ofAChR isolated from Torpedo electric organ (Blatt et al., 1985) . No effects were noted in comparisons of single-channel conductances or channel burst durations measured on stained or unstained fibroblasts (data not shown). However, use of this method for identifying cells increased the odds of obtaining records that provided adequate levels of activity. In 123 recordings using 400-1000 nM ACh from randomly chosen cells, 34% of the patches showed no AChR activity over a l-2 min recording period, 31% showed very low activity (< 1 burst/min), 28% showed activity ranging from 5 to 100 burstsjmin, and the remaining 7% showed high 
Results
Quail fibroblast (QT-6) cells were transfected with cDNAs for subunits of mouse muscle nicotinic AChR. Clonal lines expressing high levels of fetal AChR (Q-F18, transfected with o(, & y, and 6 subunits) and adult AChR (Q-A33, transfected with o(, /3, 6, 6 subunits) were established. Two lines established from separate colonies (Q-F1 7 and Q-A8) were used for some studies.
In confluent cultures Q-F1 8 cells expressed 10,000 f 6000 (mean f SD, N = 6) surface AChR per cell, while Q-A33 expressed 7000 f 4000 (N = 7). Sodium butyrate, in many cells, causes cell cycle arrest and inhibits histone deacetylase, resulting in histone hyperacetylation (Kruh, 1982; Charollais et al., 1990) . It has been used to increase transfection efficiencies and to enhance transcription of exogenous DNA (Gorman and Howard, 1983) . Treatment with sodium butyrate resulted in an increase in the surface expression of AChR (cf. Sine and Claudio, 199 1 a). In our hands, 10 mM butyrate proved to be toxic to cells, but treatment of confluent cultures with 2 mM for 2 d or 5 mM for 1 dresulted in 2.6-fold (kO.7; Q-F18, N= 5)and 4.7-fold(& 1.1; Q-A33, N = 3) increases in the numbers of surface AChR per cell. Cell growth at 30°C for l-2 d slightly reduced receptor expression (cf. Sine and Claudio, 199 la) . Butyrate-treated cultures were used for studies of subunit composition and BTXbinding, but not for studies of AChR metabolism.
Subunit composition of surface AChR
The apparent molecular weights of subunits of surface AChR expressed by Q-F18 and Q-A33 cells were compared to those of mouse subunits expressed by clonal BC3H-1 cells (Fig. 1) . BC3H-1, Q-F18, and Q-A33 cells were metabolically labeled with ?j-methionine and BTX was bound to surface AChR on intact cells, as described in Materials and Methods. Toxin-AChR complexes were solubilized, and the surface AChR were precipitated with anti-BTX antibody. The identity of the a, p, and 6 subunits was confirmed by elution from the initial pellet and reprecipitation with subunit-specific antibodies (data not shown).
The CY and p subunits expressed in all three cell lines have the expected apparent molecular weights of approximately 40 kDa and 48 kDa, respectively. Treatment of immunoprecipitated subunits from BC3H-1, Q-F1 8, and Q-A33 cells with Endoglycosidase-H, which removes high mannose carbohydrate moieties, resulted in faster migration of 01 and @ subunits with apparent molecular weights of about 37 kDa and 46 kDa. These results suggest that the LY and p subunits expressed in fibroblasts are glycosylated and contain primarily high mannose chains, as expected from work with BC3H-1 cells (Smith et al., 1986; Covarrubias et al., 1989) and Torpedo electroplax (Nomoto et al., 1986) .
The y and 6 subunits are difficult to isolate and resolve into discrete bands as they are susceptible to proteolysis (Smith et al., 1986; Forsayeth et al., 1990; Gu et al., 1990) . They also have substantial complex oligosaccharide content (Nomoto et al., 1986) In A and B 400 nM ACh alone was applied to a cell (upper truces; time of application shown by the bar above truces) or 400 nM ACh plus 200 nM dTC was applied to the same cell (lower truces). dTC is clearly more efficacious at reducing the response of the Q-A33 cell (82% block, compare traces in B) than the Q-F18 cell (40% block; A). In C 20 PM CCh was applied to a second Q-F18 cell and in D to a second Q-A33 cell. In each case a desensitizing current is elicited. The decay.of the currents could be described by the sum of two exponential curves declining to a steady current. The time constants of the two exponentials were 5. With 40 nM dTC, the response to 100 nM ACh is 117 + 26% of control and the response to 400 nM ACh is 62 ? 7%; with 400 nM dTC the relative responses are 86 ? 12% and 36 ? 6% (P < 0.01 in each case that the degree of block is the same at a given dTC concentration). The linear regression slopes are 1.45 + 0.07 (40 nM dTC, three cells) and 1.05 & 0.05 (400 nM dTC, four cells). The slopes are significantly different from control in both 40 nM dTC (P < 0.05) and 400 nM dTC (P < 0.01). This table lists physiological and pharmacological properties of the ACh receptors expressed by stably transfected fibroblasts. The single-channel conductances and burst durations were determined from cell-attached patches at negative membrane potentials. Single-channel current depended linearly on membrane potentials between -20 mV and -100 mV, the conductance value is the slope of this relationship. Other parameters were derived from fitting curves presented in Figures  3 and 4 . Values are mean f SD for 3-12 measurements except for the inhibition of ACh-elicited currents by dTC, which is the result of a fit to the data in Figure  5C 
Physiological properties of expressed AChR
As expected for a nicotinic ACh receptor, inward currents were elicited by ACh (Fig. 2) carbamylcholine (CCh; Fig. 2 ) and nicotine (data not shown). Currents were blocked by dTC (Fig.  2) , but not by atropine (200-600 nM). Currents reversed near 0 mV and could be carried by Na+, K+, or Cs+ ions.
The low-concentration dose-response relationship was examined by determining the whole-cell response to concentrations of 100, 200, and 400 nM ACh. The slope of a log-log plot of the normalized responses is close to two for both Q-F1 8 and Q-A33 cells (Fig. 3, Table 1 ) and did not differ between control and butyrate-treated cells (1.8 + 0.1 vs 1.7 f 0.1 for Q-A33; 1.7 * 0.1 vs 1.7 f 0.1 for Q-F18). These observations suggest that activatable surface AChR on either cell line have two AChbinding sites, both of which must be occupied for efficient channel opening.
The receptors found at normal adult junctions have briefer bursts than those at fetal junctions or nonjunctional regions of denervated muscle, and the burst durations for both types of receptor increase when the membrane potential is made more negative. The bursts recorded from Q-A33 cells are briefer at all potentials than those from Q-F1 8 cells (Fig. 4) . Bursts from both cell types are prolonged at more negative potentials (Fig.  4B,C) . The distributions of burst durations require the sum of more than one exponential component for adequate description (see Fig. 4B ), which will be studied further in future work.
Monovalent cations pass through the channels of both adult and fetal AChR, while the single-channel conductance of adult receptors is larger. The single-channel conductances for inward currents carried by Nat, Cs+, or K+ ions were measured in solutions containing no added Mg2+ or Ca2+ ions. The receptors on Q-A33 cells had a larger conductance for each of these ions (Table 1 ). For both cell types the relative conductances were Na+ < Cs+ < K+, although the conductance for the receptors on Q-A33 cells relative to that for receptors on Q-F1 8 cells was lower for Cs+ (1.3x) than for Na+ (1.6x) or K+ (1.7x).
Pharmacological properties of expressed AChR Pharmacological properties of the expressed AChR were examined both by a biochemical assay and by studies of drug effects on ACh-elicited currents. The ability of dTC and CCh to reduce the initial rate of BTX-binding provides an estimate for the occupancy of the ACh-binding sites by the drug. There was no difference in the ability of CCh (Fig. 5A) or dTC (Fig.  5B ) to reduce BTX binding to adult-or fetal-type AChR. The concentration dependence of the reduction produced by CCh can be described by the Hill equation with a coefficient greater than 1 (Fig. 5A ), as has been found in other studies (Sine and Taylor, 1979) . The K, and IZ, values were 17 KM and 1.9 for each cell type. This binding curve is thought to reflect CChinduced desensitization of AChR as well as binding to resting forms of the AChR. When 20 WM CCh is applied to cells, an inward current is elicited that then declines as receptors desensitize (Fig. 2) . The desensitization seen was similar in Q-A33 and Q-F1 8 cells. In both cases the response decayed as the sum of two exponentials to a final steady level at about 10% of the peak response (Fig. 2) . At 100 WM CCh or 100 FM nicotine, the responses declined more rapidly and more completely (data not shown).
In contrast to results with CCh, the reduction of the initial rate of BTX-binding produced by dTC shows a Hill coefficient less than 1 (Fig. 5B) . The concentration dependence of the reduction produced by dTC can also be described by the sum of binding to two sites of differing affinity for dTC that are present in equal numbers (Sine and Taylor, 1981) . For both fetal and adult forms of the AChR the high-affinity site had an apparent K, of about 150 nM and the low-affinity site had a KD of about 3000 nM (Table 1) .
When a low concentration of ACh (400 nM) was applied to cells in the presence of dTC the inward current was reduced for both Q-A33 and Q-F18 cells (Figs. 2, 5C ). However, the halfblocking concentration of dTC for currents elicited from Q-A33 cells (40 nM) was lower than that for currents from Q-F1 8 cells (about 300 nM). Three possible explanations for the divergence t mV; circles -60 mV). The lines show the best-fitting single exponential curve. The total number of entries, arithmetic mean burst duration, and time constant for the best-fitting single exponential are, for Q-F18 at -60 mV, 393 bursts, mean duration 3.7 msec, and time constant 2.9 msec; Q-F18 at -120 mV, 184, 7.6 msec, 7.0 msec; Q-A33 at -60 mV, 373, 1.05 msec, 0.75 msec; Q-A33 at -120 mV, 144, 1.6 msec, 1.4 msec. C, The mean burst duration increases at more negative potentials for Q-A33 (circles) and Q-F1 8 cells (triung/es). The means (*SD) of the mean burst duration for data recorded from two to seven cells at a given potential are shown. The lines show the mean parameters of the linear regression, lines fit to data from six Q-A33 and seven Q-F1 8 cells, with voltage dependences of 121 + 3 1 mV and 119 f 53 mV, respectively, and mean calculated burst durations at -100 mV of 1.6 + 0.5 msec and 5.7 k 1.8 msec. The mean parameters fit to the data for dTC (B) were K, 690 ?I 170 nM, nH 0.7 ? 0.1 (Q-F18) and KD 590 50 nM, nH 0.7 * 0.1 (Q-A33). The block by dTC could also be described by assuming that two sites of differing affinity were present in equal amount. In this case, the two apparent KD values were 150 + 50 nM and 3000 * 1200 nM (Q-F18), or 170 -t 100 nM and 3000 f 1200 nM (Q-A33). C shows the percentage of control whole-cell current elicited by 400 nM ACh in the presence of various concentrations of dTC plotted against the concentration ofdTC used to block the response. between the binding and functional data were explored. The shift is not due to an effect of butyrate treatment, as the functional block produced by dTC was identical for each type of cell in control and butyrate-treated cultures (Fig. 5C ). The shift is also not due to different ionic compositions of the bathing media between binding assays and physiological recordings (cf. Jenkinson, 1960; Fig. 5C ).
A third possible explanation for the divergence in functional block produced by dTC is that the fetal-type receptors expressed by Q-F1 8 cells can be activated when a single ACh and a single dTC molecule is bound to a single receptor (i.e., that heteroliganded receptors can be active). This possibility is suggested by previous observations that curariform antagonists can serve as weak activators of fetal-type receptors (Ziskind and Dennis, 1978) , and dTC applied alone can elicit small currents from Q-F18 but not Q-A33 cells. When 1000 or 2000 nM dTC was applied to Q-F18 cells the response averaged 4% (+4%, N = 5 cells) of the response to 400 nM ACh. In contrast, no response was elicited from Q-A33 cells (five cells tested with no response detected; limit of detection about 0.1%). A prediction of this hypothesis is that applying a dose of dTC that would occupy the high-affinity binding site will reduce the slope of the doseresponse relationship for ACh applied to Q-F18 cells. Indeed, if the high-affinity site is saturated by dTC the slope should go to 1. To test this hypothesis, ACh was applied at 100, 200, and 400 nM in the absence of dTC and in the presence of a halfblocking concentration of dTC (40 nM for Q-A33 cells and 400 nM for Q-F18 cells). With adult receptors, the response was reduced with no change in the dose-response relationship for ACh (Fig. 3A) . In contrast, the slope was significantly reduced for responses from Q-F18 cells (Fig. 3B ).
Metabolic turnover of surface fetal and adult AChR
The degradation of 1251-BTX bound to surface AChR in Q-A33 and Q-F18 cells was followed as described in Materials and Methods (Fig. 6 ). There was no significant difference between the half-lives of adult (9.8 f 2.0 hr) and fetal-type AChR (8.5 f 0.2). These results were confirmed in studies of two other clones, Q-A8 (11 hr) and Q-F1 7 (11 hr). In two determinations, 9 1% and 92% of the radioactivity released from cultures of Q-A33 cells during the first 9 hr was included on P2 gel exclusion chromatography (data not shown), implying that the release reflected degradation of bound Y-BTX (Devreotes and Fambrough, 1976) . Nondegradative loss of BTX from rat muscle AChR is very slow, with a half-life estimated to be 36 d (Bevan and Steinbach, 1983) .
Previous studies have shown that the subunits of mammalian (Miles et al., 1986; Smith et al., 1987 Smith et al., , 1989 and Torpedo AChR (Vandlen et al., 1979) can be phosphorylated. A differential effect of phosphorylation on metabolism of adult-and fetal-type AChR is suggested by the observations of Shyng et al. (199 1) . Hence, it was of interest to determine whether treatment of Q-A33 and Q-F1 8 with agents that have been shown to increase phosphorylation levels would result in differential effects on degradation rates. Q-A33 and Q-F1 8 cultures were treated with 8 PM forskolin plus 35 PM R020-1724 (an inhibitor of phos- 3) . After okadaic acid treatment a broad band at about 66 kDa (corresponding to the 6 subunit) showed labeling (lanes 2 and 4). The locations of (Y, 8, 6 , and y subunits is shown on the left; the t subunit is not indicated as its apparent molecular weight is unknown. and the mean and median values are quite similar (Fig. 8 caption) . The distribution over fibroblasts, in contrast, shows a number of cells with very high density and the mean is severphodiesterase) or 12 nM okadaic acid (an inhibitor of protein alfold the median (Fig. 8) . phosphatases-1 and -2A; Cohen et al., 1990 ) during labeling of
The source of this variability does not appear to be due to a cells with i2SI-BTX and throughout the time course of degrapolyclonal origin of the cell lines, as similar variability was seen dation. The treatment with okadaic acid increased incorporation in eight lines subcloned from Q-A33 cells. Similar variability of 32P into S subunit immunoprecipitated from either Q-F1 8 or is seen in both confluent and subconfluent cultures, although Q-A33 cells, as expected (Fig. 7) . We were unable to demonstrate the proportion of cells with a high density of AChR appears to increased phosphorylation after forskolin treatment (data not decrease in postconfluent cultures. shown). Treatment with okadaic acid had no effect on AChR degradation (Fig. 6B) , nor did treatment with forskolin (halfDiscussion life 8.0 hr for Q-A33 and 8.7 hr for Q-F18).
We have produced clonal lines of quail fibroblasts that stably Heterogeneity of receptor expression express mouse muscle nicotinic ACh receptors of fetal and adult subunit compositions, and have used these lines to compare It was noted in initial physiological experiments that the wholeseveral properties of these receptors. The surface AChR show cell response to ACh varied from cell to cell. When autoradiocomponents migrating at the expected positions for the oi, p, graphs of cultures that had been incubated with Y-BTX were and 6 subunits. AChR isolated from Q-F18 cells show, in adprepared, it was clear that some cells showed a higher grain dition, a band at the position expected for the y subunit. The density than others. Averaged over a large number of cells, the apparent molecular weight of the E subunit is not known, and calculated mean receptor densities were about 3 AChR/pm* for receptors isolated from Q-A33 cells show only components cor-Q-A33 and Q-F1 8 cells, and 9 AChR/pmZ for BC3H-1 cells (see responding to o(, p, and 6 subunits. The low-concentration dose- Fig. 8 caption) . ACh-binding sites that must both be occupied for efficient channel opening. Furthermore, Q-F18 cells produce receptors that have a longer burst duration and lower single-channel conductance compared to those produced by Q-A33 cells, as expected from previous studies of fetal and adult muscle AChR. Hence, the surface AChR expressed by Q-F18 cells are likely to have composition a$yG and those by Q-A33 composition cu,PtG.
Metabolism of surface receptors
The surface receptors on Q-F1 7, Q-F1 8, Q-A8, and Q-A33 cells had indistinguishable half-lives, about 10 hr, consistent with the idea that the metabolic stability of muscle AChR is not directly determined by the subunit composition. Our findings differ from the results obtained by Gu et al. (1990) who transiently expressed fetal and adult AChR in COS cells. In this transient expression system, adult AChR had a half-life of 20 hr, about twice as long as fetal AChR. The reason for the difference between our data and that of Gu et al. (1990) is not known, but might reflect differences in the expression systems used.
We found that treatment of cultures with okadaic acid had no effect on metabolic stability of either fetal-or adult-type AChR, although incorporation of phosphate into the AChR 6 subunit was enhanced. Forskolin, in our hands, did not enhance subunit phosphorylation in these cells, and also had no effect on metabolism. Shyng et al. (199 1) reported that treatment of cultured mouse muscle with forskolin or dibutyryl CAMP had no effect on the metabolic stability of fetal AChR but slowed the degradation of adult AChR; no data on receptor phosphorylation were presented. Our data suggest that increased phosphorylation of the 6 subunit has no effect on the metabolic stability of fetal or adult receptors. The 6 subunit was the most heavily phosphorylated subunit for both types of receptors, as already reported for the mouse fetal-type receptor expressed by clonal BC3H-1 cells (Smith et al., 1987 (Smith et al., , 1989 . The 6 subunit also has the most highly conserved CAMP-dependent phosphorylation site (Huganir and Miles, 1989) , suggesting a physiological role for phosphorylation. The e subunit contains a CAMP-dependent phosphorylation site which is absent in mammalian and chicken y subunit. We were unable to identify the e subunit or to demonstrate a change in its phosphorylation, so we cannot rule out the possibility that the phosphorylation state of the t subunit confers differential stability to adult receptors.
Physiology and pharmacology of surface AChR The physiological properties are those expected of fetal and adult subunit compositions (cf. Mishina et al., 1986; Schuetze and Role, 1987; Steinbach, 1989) . The fetal receptors expressed by Q-F1 8 cells have a briefer burst duration and lower conductance. The adult and fetal receptors have similar voltage dependences for the burst duration, and both receptor types have relative conductances of Na+ < Cs+ < K+.
The fractional occupancy of ACh-binding sites by dTC was assayed by the reduction in the initial rate of BTX binding. In agreement with previous results, the dependence of occupancy on dTC concentration has a Hill coefficient of less than 1; this result has been shown to reflect the fact that the two binding sites have differing intrinsic affinities for curariform antagonists (Sine and Taylor, 198 1) . We obtain apparent K, values of about 150 nM and about 3000 nM, in reasonable agreement with results of others (Sine and Taylor, 1979; Gu et al., 1990) . The ability of dTC to reduce the initial rate of BTX binding did not differ for fetal and adult receptors; this agrees with recent observations by Gu et al. (1990) .
The most common functional assay for antagonist occupancy of the ACh-binding site is to measure reduction of agonistelicited ion fluxes or currents. Functional block by dTC and related drugs can be described by a single-site blocking curve with an IC,, close to the K, for the high-affinity site for reduction of the initial rate of BTX binding (Sine and Taylor, 198 l) , as block of function occurs when either site is occupied by antagonist. Indeed, block of the current elicited by 400 nM ACh occurred at dTC concentrations closer to the KD for the high affinity site than that for the low-affinity site for both Q-A33 and Q-F1 8 cells. However, the currents from Q-A33 cells were blocked with an IC,, of about 45 nM whereas those from Q-F18 cells had an IC,, of about 370 nM. Our data on functional block agree with previous comparisons that found that block of adulttype receptors occurs with an IC,, two-to eightfold lower than for fetal AChR (Jenkinson, 1960; Beranek and Vyskocil, 1967) . The difference between results obtained on the same type of receptor using different assays likely reflects the fact that dTC is known to be a weak activator of fetal AChR but not adult AChR (Ziskind and Dennis, 1978) . This interpretation is supported by our finding that in the presence of a half-blocking concentration of dTC the dose-response relationship for fetaltype receptors for ACh has a slope close to 1. This observation implies that in the presence of this concentration of dTC activation of the receptor follows binding of a single ACh molecule, as would be expected if activation occurred with one dTC and one ACh molecule bound. Adult-type receptors, on the other hand, show no reduction in slope and also show no activation by dTC alone. The hypothesis of heteroliganded activation predicts that the ability of dTC to block ACh-elicited currents in Q-F1 8 cells will depend on both the ACh and the dTC concentration. This interaction can be seen in the dose-response plots shown in Figure 3 . The hypothesis of heteroliganded activation of fetal receptors results in further predictions, some of which have been tested in additional experiments that will be reported elsewhere (J. H. Steinbach, unpublished observations). These results resolve the apparent contradiction between biochemical and functional studies of dTC binding to fetal and adult AchR. The resolution arises because dTC binds indistinguishably, but has different functional actions on fetal and adult AChR.
Comparison to receptors that lack a subunit These data indicate that the surface receptors have the physiological and pharmacological properties appropriate for fetal or adult AChR. The mean burst durations and mean single-channel conductances differ from those of ACh-elicited currents expressed in Xenopus oocytes after injection of mRNA for bovine o(, p, and 6 subunits (Jackson et al., 1990) or mouse o(, 0, and y subunits (Kullberg et al., 1990) . Hence, it is unlikely that a large proportion of the functional receptors expressed by the cells have these subunit compositions. Studies also have been made of the ability of dTC to reduce the initial rate of BTX-binding to sites formed by expression of less than the full complement of mouse muscle AChR subunits (Blount and Merlie, 1989, 199 1; Sine and Claudio, 199 1 b). In each case the data are described by the Hill equation with a coefficient close to 1. The site formed by complexes of ay, cyc, or cv@-, subunits has a K, close to the high affinity site found on complete AChR, whereas the site formed by cu6 or c@S subunits has a K, close to the lowaffinity site. Hence, there is no indication that differences between AChR expressed by Q-F18 cells and Q-A33 cells arise from the lack of a subunit in either cell. Rather, the differences most likely arise from the presence of the y subunit in receptor expressed by Q-F1 8 cells and the c subunit in AChR expressed by Q-A33 cells.
Cell-to-cell variability in expression The density of surface AChR expressed by individual cells varied, although the mean number per cell in a population remained constant for many passages. Similar degrees of variability were seen for cultures of Q-A8, Q-A33, Q-F1 7, and Q-F18 cells. The variability between cells apparently does not result from a polyclonal origin, since similar variability was seen for eight subclones isolated from Q-A33 cells. Also, butyrate treatment appeared to increase the surface AChR density of the entire population of cells. The reasons for this nonuniform phenotype are not known, but a number of studies have made similar observations. For example, fetal-type AChR stably expressed in CHO cells using a @-actin promoter apparently show an identical pattern (Forsayeth et al., 1990) . Similar results have been found for inositol-triphosphate receptors (expressed in L cells using a P-actin promoter; Miyawaki et al., 1990) and EpsteinBarr virus antigens (expressed in human lymphoid cell lines using a SV40 promoter; Welinder et al., 1987) . Cytoplasmic enzymes also can show similar phenotypic heterogeneity in expression-examples include &galactosidase (expressed in L cells using the mouse mammary tumor virus promoter; Ko et al., 1990) , and human H blood group antigen after transfection of fragments ofgenomic DNA (presumably encoding fucosyl transferase; L cells, Ernst et al., 1989) . Hence, variability in the level of expression between individual cells of a clonal line has been seen for several proteins, in a number of cell types and with a variety of promoters. It is not clear what the basis is for the variability in any of the systems studied.
Summary
One goal of these experiments is to isolate the surface AChR from other muscle-specific proteins, to determine which properties of the AChR expressed at the adult neuromuscular junction (NMJ) result from subunit composition and which are likely to involve additional proteins. Previous work has shown that both fetal and adult receptors are uniformly distributed over the surface of Q-F18 and Q-A33 cells, but both can be aggregated by transient expression of the 43 kDa synapse-associated protein cloned from mammalian muscle cells (Phillips et al., 1991) . Our data give no support to the idea that the metabolic stability of surface AChR is affected by the difference in subunit composition between fetal and adult AChR, in distinction to results of a study of receptors transiently expressed in COS cells (Gu et al., 1990) . Taking advantage of the accessibility of the expressed AChR for biochemical and biophysical studies, we have confirmed that the binding of dTC is indistinguishable to fetal and adult AChR but that the ability of dTC to block ACh-elicited currents differs. The difference in functional block results, at least in part, from the ability of dTC to serve as a weak activator of fetal receptors. These stable cell lines will prove useful for further studies of muscle nicotinic receptor physiology and regulation.
